INTRODUCTION
Spectral-domain optical coherence tomography (SD-OCT) is an interference-based, noninvasive, in vivo three-dimensional imaging technique that allows direct visualization of retinal morphology and architecture.
1 It is an optical signal acquisition and processing method that captures the refl ected signal from the retinal optical scattering media (ie, the retinal tissue), and thus can be used for the quantitative analysis of the tissue optical properties. 2 Because of the interferometric technique, the SD-OCT image is essentially the intensity profi les of the refl ected light of retinal layers.
The various layers of the retina may exhibit different optical properties affected differentially by various diseases. Quantifi cation of the optical properties of these layers may facilitate the understanding of retinal disease. However, existing commercial layer segmentation algorithms have largely focused on a few selected inner layers (such as the nerve fi ber and ganglion cell layers). More recently, improvements to existing SD-OCT, such as frame averaging, despeckling, and enhanced image contrast, have allowed the outer retinal structures to be identifi ed more precisely. [3] [4] [5] In addition, until recently, retinal layer analysis has largely been focused on retinal thickness. The refl ected light from the retinal layers, however, carries more information characterizing the optical properties of tissue. Therefore, the changes in layer intensity may provide complementary information regarding the effects of retinal disease. Our group as well as others have demonstrated that intensity characteristics may be useful features for distinguishing phenotypes in age-related macular degeneration (AMD) 6 and diabetic eye disease. 7 Recently, we developed an automated graph-based multilayer approach to reliably segment 11 retinal layers, including the outer retinal bands in SD-OCT volumes to allow the properties of individual layers to be studied. [8] [9] The purpose of this study is to utilize our automated multiple retinal layer segmentation approach to compare retinal layer intensity profi les within each SD-OCT device and between SD-OCT devices with and without normalization.
PATIENTS AND METHODS

Subject Recruitment
Seventeen healthy participants (nine women and eight men; mean age: 31.25 ± 5.92 years; range: 24-42) with healthy eyes were enrolled in this study at the Doheny Eye Institute of the University of Southern California. The absence of any ocular disease in either eye was confi rmed by ophthalmoscopic examination. All participants provided written informed consent. The study was approved by the Institutional Review Board of the University of Southern California and adhered to the tenets set forth in the Declaration of Helsinki.
OCT Imaging
For each participant, both eyes underwent SD-OCT imaging using a Heidelberg Spectralis (Heidelberg Engineering; Heidelberg, Germany) SD-OCT device and a Zeiss Cirrus OCT 4000 (6.5 software; Carl Zeiss Meditec, Dublin, CA) device, both with tracking functionality included (a new addition for the Cirrus). For all acquisitions, a single 6-mm horizontal B-scan through the foveal center was obtained. The Spectralis OCT features a scanning speed that is currently higher than Cirrus OCT 4000. At faster scanning speeds, there is sometimes greater compromise of the signal quality requiring averaging of more B-scan frames to improve image quality. To facilitate better comparison with the Cirrus, two different averaging protocols (both with tracking enabled) were used for the Spectralis OCT, 20ϫ averaged Automatic Real-Time and 40ϫ averaged Automatic Real-Time (referred to herein as "Spectralis 20ϫ tracked" and "Spectralis 40ϫ tracked," respectively). For the Cirrus OCT, a 20ϫ averaged scan was obtained with the tracking off and tracking on. The two Cirrus scan acquisitions are herein referred to as "Cirrus 20ϫ untracked" and "Cirrus 20ϫ tracked." Although it is not relevant to the analyses in this report, it should be noted that the scans differed in number of A-scans and slightly in physical dimension. The Spectralis scans consisted of 512 (A-scans) ϫ 496 pixels. The physical scan dimensions varied slightly between cases, but were on average 6.04 mm ϫ 1.92 mm. The Cirrus scan consisted of 1024 (Ascans) ϫ 1024 pixels. The physical scan dimension was 6 mm ϫ 2 mm. The pixel depth for both the Spectralis and Cirrus scans were 8 bits in grayscale, and all scans were oriented for vitreous zero delay.
Segmentation of the Multiple Retinal Boundaries
The multiple retinal boundaries were identifi ed based on a previously described multistage, multisurface segmentation approach fi rst developed for SD-OCT volumes, [8] [9] but tuned for the single line scan in this study. Briefl y, the algorithm features a three-stage, graph-based approach [10] [11] [12] to identify 11 boundaries in a characteristic non-anatomic sequence beginning with the internal limiting membrane (ILM), ellipsoid zone (EZ), retinal pigment epithelium (RPE)/Bruch's membrane (BM) complex, choroid-sclera (C-S) junction, interdigitation zone (IZ, also considered to be the inner border of the RPE layer for these analyses), nerve fi ber layer (NFL)-ganglion cell layer (GCL) junction, inner plexiform layer (IPL)-inner nuclear layer (INL) junction, dendritic outer plexiform layer (OPL)-Henle Fiber layer (HFL) junction, GCL-IPL junction, INL-OPL junction, and fi nally concluding with the external limiting membrane (ELM).
For stage 1, the four most easily detectable boundaries were identifi ed in four times downsampled images and were used as a priori positional information to limit the graph search for other boundaries at stage 2. Eleven boundaries were then detected in two times downsampled images at stage 2 and refi ned in the original image space at stage 3 using the graph search, integrating the estimated morphological shape model. A thin-plate spline fi tting was applied to each segmented boundary to smooth the boundary. Note that while the multistage, multilayer algorithm was similar in the two different SD-OCT devices, the graph search parameters, such as the smoothness and interaction constraints, were different. Figure 1 is an example illustration of the multiple layer segmentation results of both devices. Although the accuracy of the segmentation algorithm has been previously described, the segmented B-scans were inspected by Doheny Image Reading Center graders to confi rm accurate delineation of the retinal layers.
Characterization of the Retinal Layer Intensity
Eleven layers were defi ned as the spaces between the segmented boundaries and included: the vitreous, NFL, GCL, IPL, INL, dendritic OPL, outer nuclear complex, inner segments (defi ned for the purpose of analysis as the layer between the ELM and EZ, though the layer may only include the myoid portion of the inner segment), outer segments (between the EZ and the IZ), RPE layer, and the choroid. It should be noted that the above terminologies were based on the International Nomenclature for OCT Working Group (INOWG) classifi cation (not yet published). The INOWG classifi cation divides the outer nuclear complex into two sub-layers, the outer nuclear layer (ONL) and HFL, and divides the choroid into three sub-layers, the choroiocapillaris (CC), Sattler's layer (medium vessels), and Haller's layer (large vessels). However, without the use of directional OCT, 13 consistent segmentation of the sub-layers is difficult. For the available 11 segmented layers, the intensity S7 of all pixels was averaged to generate a mean intensity for each layer, instrument, and acquisition (four for each eye). For the NFL, only pixels from the nasal NFL were used as the NFL temporal to the foveal center was very thin and diffi cult to distinguish from the ILM.
The mean intensity was compared between the two instruments and the two acquisition protocols for each device. To homogenize the intensity between the devices/acquisitions, the intensity was normalized against the vitreous and RPE. More specifi cally, the mean intensity of the vitreous was set to zero (ie, subtracting the vitreous intensity from the intensity of the layer of interest), and all the layers were then normalized to the RPE and clipped to a range of 0 to 255. The vitreous and RPE were specifi cally chosen because they were consistently the darkest and brightest layers on the scan. For consistency of the statistical analysis, the right eyes were horizontally fl ipped in the x-direction. To increase the statistical power, all 34 eyes from the 17 participants were included for the subsequent intensity analysis.
RESULTS
A typical automated segmentation result for the 11 boundaries from Spectralis and Cirrus OCT (both with 20ϫ averaging and tracking enabled) B-scans are shown in Figure 1 . For rapid qualitative comparisons of layer intensity characteristics, plotting of mean intensity in each layer in a bar graph is useful. Figure 2 (page S8) shows the unnormalized mean intensity profi les of the 11 segmented layers for the two acquisition protocols of the two devices for the 34 eyes.
The Table (page S8) is a summary of all the P values of the paired t test of the unnormalized and normalized mean intensity of the 11 layers between the four different protocols of the two different devices for the 34 eyes. For the two different protocols within each device, the unnormalized mean layer intensity between all the layers for the 20 times and 40 times averaged Spectralis scans appeared similar (with a P value of the paired t test of .30). For Cirrus scans, tracking did not appear to alter mean intensity to any signifi cant extent (P = .15) between the mean intensity of all the layers.
When comparing between devices, signifi cant differences in unnormalized mean intensity for all the layers were observed. For instance, the acquisitions of "Spectralis 20ϫ tracked" and "Cirrus 20ϫ tracked," as shown in the top panel of Figure 3 (page S9), presented a signifi cant difference with a P value of .03. Following normalization, however, the mean intensity values for each of the layers, were more similar (P = .42). For all four protocols, before normalization, a signifi cant difference in layer intensity was observed between devices with an average P value of .03. After normalization, the difference was no longer signifi cant with an average P value of .38.
The mean intensity values for all layers between the two devices for each case were plotted in Figure 4 (page S10). Linear regression demonstrated an average R 2 of 0.94 (P < .001) before normalization and 0.98 (P < .001) after normalization.
DISCUSSION
In this study, multiple retinal layer intensity profi les of four different acquisition protocols between two different SD-OCT devices were compared. A normalization technique against the vitreous and RPE was applied to homogenize the intensity between the two different devices.
The morphology of the intensity profi les was similar for the two different acquisition protocols (tracked vs untracked for the Cirrus and 20ϫ vs 40ϫ averaging for the Spectralis) for each device. Interestingly, the use of tracking in Cirrus had no signifi cant difference in the 
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mean intensity for any layer. However, it should be noted that the study sample was relatively small, and the study was not designed to identify extremely small differences between acquisitions. In addition, this initial study only included healthy eyes, which likely have good fi xation and thus less of an effect or benefi t with tracking. The signifi cant differences were found in the unnormalized intensity between the two different devices. The overall shape or pattern of the intensity profi le, however, was similar between the devices, with the RPE layers demonstrating the brightest intensity. After applying the normalization against the vitreous and RPE, the intensity differences between devices were no longer significant (P = .38 on average), and showed an even stronger correlation with R 2 of 0.98 (P < .001) on average. There are several limitations to consider when evaluating this preliminary study. First, the image and physical size were different in the Spectralis and Cirrus devices. Specifi cally, the image size for the Cirrus and Spectralis was 1024 (A-scans) ϫ 1024 pixels and 512 (A-scans) ϫ 496 pixels, respectively. The physical scan size for Cirrus was 6 mm ϫ 2 mm and was on average 6.04 mm ϫ 1.92 mm for Spectralis. Although we would not expect these differences to have affected the intensity measurements signifi cantly, a small effect cannot be excluded. Second, though the B-scans were inspected for segmentation errors, extremely small errors of only 1 to 2 pixels may have been diffi cult to recognize. Because some of the layers were extremely thin, spanning only a few pixels, even these small errors could have affected the results. Third, the "shadowing" effect of retinal blood vessels was not accounted for. This was not a major issue in the present study because only a single B-scan through the foveal center was used and there was a relative paucity of vessels, however this would be a more signifi cant concern for volume/cube scans. For future studies, detection of vessels and exclusion of the portions of the layer affected by the vessel may be important strategies. Fourth, this pilot study only included healthy participants with a relatively narrow age range (mean age: 31.25 ± 5.92 years; 24-42 years). Because retinal thickness is known to decrease with age, 14 it is possible that intensity may change as well. Thus, it is unknown if our fi ndings will extrapolate to other age groups. Finally, our normalization strategy used the RPE and, to lesser extent the vitreous, which could be affected in the setting of disease. Whereas this is not an issue in normal eyes, other layers, such as NFL (less sensitive to disease), may need to be considered for normalization in disease eyes. In summary, in this study, multiple retinal layer intensity profi les of four different acquisition protocols between two different SD-OCT devices were compared. The morphology of the intensity profi les was found to be similar for the two different acquisition protocols for each device. Comparing OCT intensity profi les from two different SD-OCT devices, differences in unnormalized intensity were observed. These differences, however, could be reduced using normalization strategies that incorporated the RPE (and vitreous) intensity as a reference. This technique for normalization may be of value for homogenizing OCT data across devices and acquisitions to aid in a more consistent interpretation of the retinal morphology and pathology. 
